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Abstract

Fuzzy logic is an emerging field of theory and

application which holds great promise for the control of

systems - especially those systems which cannot be described

mathematically, or which are nonlinear in nature. Fuzzy

logic's strength lies in its heuristic approach to control.

Instead of reqfuiring complex mathematical equations which

describe a system's behavior, fuzzy logic allows systems

designers to use a set of common sense, plain-English rules to

invoke a desired system response.

The purpose of this project was to explore fuzzy logic as

a way to effect control of a target tracking system. The

military tracking problem is one that has been well studied,

and many solutions using various means of control have been

successfully implemented. These control methods, however, are

reaching the limits of their application. Fuzzy logic offers

an exciting alternative solution to this problem.

In pursuit of this project, an optical tracking platform

was designed and built. A fuzzy logic control system was also

developed and implemented. This system used information about

a target laser's position and rate of change of position with

respect to the tracking platform in two dimensions - elevation

and azimuth - in order to arrive at its control decisions.

Keywords: Fuzzy Logic, Fuzzy Logic Control, Tracking Problem
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Section 1 - The Tracking Problem

The tracking problem is one of great importance to the

United States Navy. The reason for this is that all weapons

systems aboard naval vessels require control algorithms to

align them with their intended targets. For instance, a

control system is needed to quickly align the Phalanx Close-

In-Weapons-System (CIWS) with incoming hostile aircraft and

anti-ship missiles. Gunmounts aboard ships also require

control in order to track targets in a wide variety of roles,

including Naval Gunfire Support (NGFS), Anti-Surface Warfare

(ASW), and limited Anti-Air Warfare (AAW).

A tracking problem

involves two primary The Tracking Problem
components: a target, and T .• s ' BOresigh

a tracking platform, as __

shown in Figure 1. The

tracking platform is the God:BfmBgaeui

component which receives in Wl wftlTwge.

information about the

target from the outside Figure 1

world and uses that information to make control decisions

about how to align the platform with the target. The target

is the component which moves in relation to the tracking

platform, and which the tracking platform must follow.

The objective of the tracking problem is to reduce the

difference, or the error, between the line of sight of a
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tracking platform (the boresight of the weapon) and the

position of an object being tracked (the target line-of-sight,

or LOS) in order to align a tracking platform with its target.

In this Trident project, a two-dimensional optical

tracking platform was used to obtain azimuth and elevation (x

and y) information about a target laser. Two types of data

were obtained from the system optics for each of the two axes

(azimuth and elevation): position, and rate of change of the

position (derivative or velocity) of the laser image with

respect to the tracking platform. The specific objective of

this application was to center the image of the target laser

in the optics of the tracking platform using fuzzy logic as

the control for the tracking device.

Section 2 - Fuzzy Logic - An Introduction

Fuzzy logic is a way of mathematically analyzing the

uncertainty of information; that is, fuzzy logic is a way of

dealing with information that is "gray" in nature. Fuzzy

logic excels in dealing with information that cannot be

described as being a full member of just one category, but can

be described as being a partial member of two or more

categories. The method fuzzy logic uses to achieve this

result is by breaking information into well-defined categories

and by determining the degree of membership of the information

within those categories.

Fuzzy logic control extends the principles of fuzzy logic

to the solution of a control problem. In addition to
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assigning information to categories and quantifying the

membership of the information within those categories, fuzzy

logic control uses a set of linguistic rules which incorporate

the intuitive knowledge of the system designer about a

system's operation. A fuzzy logic system is thus sometimes

called an "expert" system because the rule base (also called

the Fuzzy Associative Matrix, or FAM) describes the decisions

a human operator would make in the control of a system.

2.1 A Short History of Fuzzy Logic

Fuzzy logic was born in 1965 with the publication of

Lofti Zadeh's landmark paper, "Fuzzy Sets".' Human beings,

Zadeh observed, make hundreds of decisions every day based on

limited information. These observations grew into the concept

of "fuzzy logic", the term Zadeh coined to describe a method

which models the way human beings analyze and employ

information that is "fuzzy" or ambiguous in nature. "Fuzzy

logic control" was a phrase later developed which describes

the extension of fuzzy logic to the solution of a system

control problem.

For about twenty years after Zadeh's initial work on the

subject was published, fuzzy logi7 remained relatively

unknown. Even though fuzzy logic had potential for

application in many problems, scientists and engineers in the

United States distrusted its use. The word "fuzzy" created an

image in their minds of a concept that seemed too imprecise to

be of any practical use.2
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Serious interest in fuzzy logic did not develop until the

mid nineteen-eighties, when Japanese engineers successfully

applied fuzzy logic to a wide range of control problems,

including high-speed train braking and automatic camera

focusing. 3  Fuzzy logic did not make inroads in the United

States until quite recently - the past four or five years -

after the Japanese had already proven the advantages of fuzzy

logic systems. 4

Today, fuzzy logic finds application in problems which

can be divided into two broad categories: pattern recognition

problems (such as handwritten character recognition) and

classical control applications (such as high-speed train

braking and automatic camera focusing) . This Trident project

focuses on fuzzy logic in the latter, more traditional control

sense, to a military tracking problem.

2.2 Why Fuzzy Logic For This Project?

There is one important motivation for using fuzzy logic

as the control algorithm for this research project. Pacini

and Kosko have described an application of fuzzy logic to a

two-dimensional tracking problem. However, much of their work

on this problem to date has been theoretical, using computer

generated models in well-defined, carefully controlled

simulations.' This Trident project was a perfect opportunity

to take this problem and apply it to a physical system in a

real-world setting.
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2.3 Fuzzy logic - What is

it? Crisp is a term used to
describe a value that is
definite, as compared to

Fuzzy logic is a way of fuzzy, which is a term
used to describe a value

describing the world around that is ambiguous in
nature.

us in shades of "gray". This

is i. contrast to Boolean

logic, which is only capable of viewing the world in crisp

termn of absolute black and absolute white, having no

allowance for transition between these two extremes. In fact,

it can be proven that Boolean logic is a special case of fuzzy

logic, with fuzzy logic being the more general form of logic. 7

Despite its name, fuzzy logic is neither "fuzzy" nor

imprecise in any way. Although fuzzy logic excels in dealing

with ambiguous ("gray") information, it does so in a precise

manner - by quantifying the degree of ambiguity ("the shade of

gray") of that information. The only imprecision with fuzzy

logic arises from the way in which fuzzy logic is applied; if

the frame of reference does not describe the problem

accurately, then the findings of the fuzzy logic system will

also be inaccurate.

Because decisions must be made about what rules govern a

system of fuzzy logic, fuzzy logic is often described as

"heuristic". That is, through observation, a best "guess"

must be made as to what rules govern the operation of a

system. Fuzzy systems are thus also sometimes termed "expert"

systems, because fuzzy systems mimic the decisions human
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operators would make in the control of those system. Only

through repeated observation, analysis, and tuning of a

system's rule base can a fuzzy logic system achieve its

intended objective.

2.4 Probability and Fuzzy Logic

It was stated above that fuzzy logic deals with

uncertainty. While this is true, fuzzy logic is not the same

as probability. Probability and fuzzy logic are both terms

used to describe uncertainty,

but the manner in which each Fuzzy logic focuses on the

characteristics of an
of these concepts deals with event, while probability

focuses on the likelihooduncertainty is radically of an event.

different. Probability

measures the uncertainty present in the occurrence of an

event, while fuzzy logic measures the uncertainty in the

characteristics of an event that has occurred. 8

Fuzziness describes event ambiguity. It measures the
degree to which an event occurs, not whether it occurs.
Randomness describes the uncertainty of event
occurrence. An event occurs or not, and you can bet on
it.,

An example of probability is "There is a 70% chance of

precipitation on Tuesday." This is a statement of prediction

- seven times out of ten it is expected to precipitate on

Tuesday. An example of fuzzy logic is "The soil is 90%

saturated with water." This is a statement of fact - the soil

is mostly, but not completely (90%), saturated with water.
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2.5 The Fuzzy Logic Control Algorithm

This paper has already examined fuzzy logic, including

some of its most fundamental characteristics - but how does it

work, and how can it be applied to the control of a system?

A fuzzy logic control algorithm can be divided into three

distinct steps: fuzzification, rule evaluation, and

defuzzification.

In the first step (referred to as fuzzification), fuzzy

input membership functions break system input information into

categories and assign membership values to those categories.

The second step, rule evaluation, contains the Fuzzy

Associative Matrix (FAM), which is a set of rules which

describe the desired system operation. Defuzzification is

achieved with output and weighting functions, which bring

together all of the information derived from the previous two

steps and combine it to obtain a single, crisp control output.

2.51 Fuzzy Input Membership Functions

Consider a world in which all people are described as

being either short or tall. A representation of the

categories of short and tall might be depicted as shown in

Figure 2.

This Boolean representation of height by category works

well if a person measures 3'6" in height, because most people

would agree that such a person completely fits into the

category of SHORT and is completely outside the category of

TALL. This binary representation also works well if a person
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is 6'6" tall. Again, most

people would agree that such

a person fits completely into I
the category of TALL and is 3V 4V" 5V 6V 7

completely outside the HhIips"
a p r *Ssim d s ' d Q.

category of SHORT. Figure 2

However, a problem

occurs with this representation when one tries to fit an

individual who is 5'0" in stature into a specific, well-

defined category. At this point, if person's height changed

by a very small amount, his (or her) category would change

abruptly from one case to the other. This is a problem

because it is difficult to justify why this particular point

(5'0") is the only valid transition point.

A possible solution Shtort Melum T

to this problem is to add 1.0

a third category so that 5

the representation of 0
30V 40' S0 W0 70'

height by category is Od)

portrayed in Figure 3 . ________________________-_gi

Figure 3
However, the same

difficulty arises with this representation. Abrupt

transitions still occur between the categories of SHORT and

MEDIUM, and between the categories of MEDIUM and TALL.

A final solution to this problem using traditional

Boolean techniques would be to further subdivide the domain of
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heights into smaller and smaller increments, as illustrated in

Figure 4.

Sh~ Tom Eventually, however,
1.0 lincreasing the number of

CL" Icategories makes the problem

0 more, instead of less,
W 4V W5 O 7V

HhI0N4 complex, and a satisfactory
(Msatisf 

atordy 
I

Figure 4 solution to the problem is

never reached. The reason

for this is that the transition between SHORT and TALL blurs

as one struggle to conceptualize what each intermediate

increment of height signifies.

A fuzzy logic solution to this problem is illustrated in

Figure 5. The range of data values (3'0" to 7'0") is called

the input membership function domain, and the individual

categories themselves (SHORT and TALL) are called input

membership functions.

Notice in Figure 5 that a smooth transition occurs

between the categories of SHORT and TALL, and meaningful

information is obtained about

a person if his or her height

falls within this transition 10
~N----------- -------

area. A person who is 5'6" '_"-"____

tall, for example, will now 0--7-
3V 4V 5'-O'ýV 7V-

acquire a value (.25) that HOW@*
A FrM R'Mu s6n & a domrI ab of-1

indicates the degree of
Figure 5
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membership in the category of SHORT, and another value (.75)

indicating how well this height fits in the category of TALL.

That is, the statement, "This person is SHORT." would be 25

percent true, and the statement "This person is TALL." would

be 75 percent true.

Reflecting back, one realizes that fuzzy logic has

accomplished two things: first, it has categorized 5'6" tall

into SHORT and TALL. Second, it has assigned membership

values to those categories, values which fall between 0.0

(completely false) and 1.0 (completely true).

Determining or finding input membership functions is the

first step of the fuzzy logic control process - in which a

fuzzy algorithm categorizes the information entering a system,

and assigns values which represent the degree of membership in

those categories. Input membership functions themselves can

take any form the designer of the system desires - triangles,

trapezoids, bell curves, or any other shape - as long as those

shapes accurately represent the distribution of information

within the system, and as long as there is a region of

transition between adjacent membership functions.

In the tracking problem studied in this Trident project,

two variables were considered for each axis - position and

derivative of the position of the target laser's image

relative to the tracking platform. Each variable was

separated into seven input membership functions which

described the input domain - NL, NM, NS, ZE, PS, PM, and PL,
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where N means negative, P

positive, L large, M medium,

S small, and ZE zero. A a

representation of the 0 2Z8
Podbn (Vbb)

position input membership An fW UMefnmb FRFNDRmahnL

function domain for the Figure 6

tracking system is shown

Figure 6. (Units of volts are used because the system

photoelectric sensor provided electrical information to

describe the position of the laser image.) A representation

of the derivative input membership function domain was not

provided because it is similar to the representation shown in

Figure 6.

2.52 The Fuzzy Rule Base

The second step in the development of a fuzzy logic

control system is the determination of the fuzzy rule base, or

Fuzzy Associative Matrix. Within the fuzzy rule base lies the

soul of a fuzzy control

system, for here one can find

the heuristic rules which AConveunlnauloseci-LooprTmrkkg Syston

incorporate human knowledge, Md

intuition, and expertise into

the control of a system. TM O ,

In a conventional 2
Sytmn mome: [mOAp 4 ueAW"NWO

control system (illustrated imdC'A?#NN)Vk*

in Figure 7), mathematical I
Figure 7
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equations describe how the system will perform. However,

there is a problem with this approach. A particular system

may not easily be described mathematically. For example, the

system may be nonlinear in nature. Or, even if the system can

be modeled accurately, subtle changes in the physical

parameters of the system (such as inertia or damping) may

substantially change system performance. Another disadvantage

to conventional control systems is that they require

controllers which contain a great deal of memory and computing

power in order to properly implement the mathematical control

equations '

In fuzzy logic control A U 'O TFDkh "m

(illustrated in Figure 8), +ýVw + EM

the processes which occur in

a system must still be well

understood. However, fuzzyIN MW b k 'w- MnO

logic controllers avoid the ••nW
I erw b s, use smd

difficulties conventional Figure 8

controllers encounter because

fuzzy logic simplifies the approach to the solution of control

problems. This is because a fuzzy system does not require a

mathematical model of a system's behavior. Instead, a human

operator's expertise is needed in the form of a base of

decision-making rules."

It is useful at this point to explain the similarities

and differences between fuzzy logic control and artificial
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intelligence. Both artificial intelligence and fuzzy logic

control use a set of IF-THEN rules which describe what action

is to be taken if a certain set of conditions is met.

Artificial intelligence rule bases, however, have a finite

number of control points - one control point for every IF-THEN

rule. In a fuzzy rule base, there are still a limited number

of IF-THEN rules, but an infinite number of control points is

possible because a fuzzy rule base maps membership values to

corresponding control values. This means that a fuzzy rule

base recognizes information that is fuzzy or partially true in

nature, and can partially "fire" or invoke more than one rule

at any one time.1

It is useful to demonstrate these concepts through an

example. In the tracking problem being considered, it is

desired to position the tracking platform so that it is in

line with its intended target. If the tracking platform is

far out of position with respect to its target, then one could

make the rule:

If the error is LARGE, then the control output is LARGE.

This makes sense. If the platform is seriously out of line

with the target, then a large control force is needed to move

the platform quickly back into position. Likewise, if only a

small discrepancy exists between the platform and its target,

then one could derive the control rule:

If the error is SMALL, then the control output is SMALL.

This, too, makes sense. If there is only a small
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inconsistency between the control platform and the target,

then only a small correction is needed.

Adding directional information, one gives the control

outputs further meaning. For instance:

If the error is LARGE POSITIVE, then the control output is
LARGE NEGATIVE.

If the error is SMALL NEGATIVE, then the control output is
SMALL POSITIVE.

These rules simply mean that if the tracking platform is

displaced to one side of the center point, then a force is

needed in the opposite direction to bring the platform back in

line.

All of the rules above are valid, but they only

incorporate knowledge of one input variable, position, in the

control decision. The tracking problem considered for this

Trident project, however, includes information about two

variables - position and rate of change of position. An

example of a rule that takes both variables into account is:

IF the error is LARGE POSITIVE AND if the rate of change of
the error is LARGE NEGATIVE, then the control output is
ZERO.

If the target is well to one side of the center point of the

tracking device, and if the tracking device is already moving

quickly in toward the center point, then little, if any, extra

effort is needed by the controller to place the tracking

platform back on mark.

For a rule base to be valid, it must incorporate

information about every possible condition that the system can
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be expected to encounter. AFuzzy Logic Rule Be

Each unique combination of N NS PM PL

conditions will correspond

to a control decision in

the form of a rule. In

this tracking problem, two ZE

variables are considered I Z

for each axis with each __

Figure 9
variable breaking its

domain into seven input membership functions, or conditions.

Thus, there are 49 (7*7) unique combinations of conditions

with each combination corresponding to a rule which describes

the operation of the fuzzy controller. As illustrated in

Figure 9, mapping all of the possible condition combinations

in a rule base takes the form of a rule matrix.

2.53 Fuzzy Minimums and Maximums

This paper has already discussed input membership

functions, where information entering a system is categorized

and the categories are assigned membership values. This paper

has also examined the rule base, the place where decisions are

made about how to use the information derived from the input

membership functions. However, the question remains - how do

these two steps work together?

Consider an example using this project's tracking system.

A hypothetical set of one axis' (either elevation's or

azimuth's) position and derivative data is contained in
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The error is POSITIVE SMALL. (.25)
The error is ZERO. (.75)
The derivative of the error is NEGATIVE SMALL. (.40)
The derivative of the error is ZERO. (.60)

Example 1

Example 1. This information has been "fuzzified"

categorized and assigned membership values - after being

obtained by the system optics. This explains why there are

two sets of data for both the error (position) and for the

derivative. The uppercase letters in Example 1 denote

categories of information and the numbers in parentheses

denote membership values for those categories.

The four statements found in Example 1 will invoke or

"fire" the rules found in Example 2. In Example 2, the

numbers in parentheses denote the degree of membership of an

input in a particular input membership function. The numbers

If the error is ZERO (.75) AND if the derivative of the
error is NEGATIVE SMALL (.40), then the control output
is POSITIVE SMALL [.40].

If the error is ZERO (.75) AND if the derivative of the
error is ZERO (.60), then the control output is ZERO
[.60].

If the error is POSITIVE SMALL (.25) AND if the
derivative of the error is NEGATIVE SMALL (.40), then
the control output is ZERO [.25].

If the error is POSITIVE SMALL (.25) AND if the
derivative of the error is ZERO (.40), then the control
output is NEGATIVE SMALL [.25].

Example 2
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in brackets denote the degree to which a particular rule is

invoked. In every case, the degree to which a rule is fired

is the minimum of the membership values of the individual

conditions which invoke that rule. Thus, each one of the

rules found in Example 2 is fired only to the least degree of

its invoking conditions' memberships.

The reason why the minimum was taken of the input

conditions to each rule is a postulate of fuzzy logic; in

fuzzy logic, the AND function is the same as taking the

minimum of the values of the conditions for the function.13 For

a statement "A AND B", the fuzzy logic AND function is a test

to determine the extent of membership both input conditions,

A and B, share in a fuzzy set. Since the greatest extent that

both of these conditiont exist in a fuzzy set is the minimum

of the input conditions, the minimum of the conditions is a

ken to satisfy a fuzzy AND function.

As it will become important shortly, the fuzzy OR

function takes the maximum of the values of the conditions for

a function. 14 Using similar reasoning as before, in the

statement "A OR B", the fuzzy logic OR function is a test to

determine the extent of membership either one of the input

conditions, A or B, has in a fuzzy set. Since the greatest

extent that either one of these conditions exist in a fuzzy

set is the maximum of the input conditions, the maximum of the

conditions is taken to satisfy a fuzzy OR function.



22

2.54 The Final Step - Weighting and Combining Rules

The final step of the fuzzy logic algorithm is weighting

and combining the information obtained from the previous two

steps in order to obtain a single, crisp control output.

There are several methods which can be used to obtain this

output, but the simplest - called the centroid method15 _ is to

sum the multiples of the values of the rules with their

weights and to divide this total by the sum of the weights.

The centroid equation is:

i * Ri

C0 = i=1

Wi=

(Where C. is the control output, Ri is a rule, and Wi is a rule

weighi.)

Before deriving the final control output, however, one

final check must be made of the rules that have been invoked.

If two or more rules are fired that have the same value, then

the rule which is fired to the greatest degree is taken, and

the rest of the rules are discarded. From Example 1 before,

one notices that the rule ZERO has been invoked twice - once

to a degree of .60, and once again to a degree of .25. A

choice must be made between one rule OR the other. Since the

fuzzy OR function states that the maximum of the two rules

must be taken, the rule that is fired to the degree of .60 is

retained, and the rule that is fired to the degree of .25 is
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discarded. Example 3 contains the three rules that remain and

their corresponding weights.

The last step is to
ZERO .60

weight and combine the rules. ZERO .60
POSITIVE SMALL .40

Normally a control rule will NEGATIVE SMALL .25

correspond to a value, which Example 3

tells the control system how to respond. For this problem, a

motor control voltage would probably be the desired control

output, so for the control rule ZERO one could attach a value

of zero volts, and for the control rules POSITIVE SMALL and

NEGATIVE SMALL, one could attach values of plus and minus five

volts, respectively. These values are derived heuristically

and incorporate one's "best guess" of how the rule base should

represent system operation.

Weighting and combining these values together would take

the form:

(.4*5)+(.25*-5)+(.6*0)
.4+.25+.6 Ovolts

Thus, a small positive voltage would need to be applied to the

motor in order to center the axis of the tracking platform on

the target laser.
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Section 3 - Systems Design and Construction

Design and construction of the tracking system involved

three major areas - construction of the tracking platform,

design and construction of the optics and optical interfacing

circuitry, and design and construction of the fuzzy logic

control hardware and software. Each area had its own unique

problems and considerations.

3.1 Construction of the Tracking Platform

The tracking platform (Figure 10) was built in two steps.

In the first step of construction, the base of the platform

was built and a Galil motor was mounted to control the azimuth

axis of the tracking platform.

The second step of construction of the tracking platform

progressed as follows. First, a cradle was made capable of

mounting a Celestron C-90 spotting scope. Rails were

installed on the cradle to hug the base of the scope and to

prevent unwanted side-to-side motion of the scope. Also, a

slot wide enough to accommodate a standard camera screw was

cut to mount the scope and to allow precise front-to-back

balance adjustment of the scope.

Next, the cradle was mounted on a pair of shafts

allowing free movement of the cradle in the elevation axis.

The shafts were then placed on shaft bearings pressed into

sidewalls. These sidewalls were mounted on a secondary base

which was free to rotate around the azimuth axis on a "lazy

Susan" swivel bearing. This "lazy Susan" was mounted on the
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base built in the first step

of construction. Control of PAM If0C40

the elevation axis was

achieved by connecting the -my

cradle shaft to a Galil motor M

mounted on one of the

sidewalls which support the The Tracking Plaform
cradle shaft.

Figure 10
Except for the bearings,

the "lazy Susan", the shafts, the motors, and the fastening

devices, all of the materials used in the construction of the

platform were made of PVC sheet stock. Although PVC is a

heavy material, it was selected for use in construction of the

tracking platform because it

is easy to machine and

because it acts as a natural A quadrant detector
lubricant, which was useful

in reducing the friction of

the system.

3.2 Signal Collection and

Conditioning

The first stage of

signal collection was

performed by a purchased X n(A+C)-(B+D)
Celestron C-90 Spotting y"(A+B)-(C+D)
Scope. The scope, with its

Figure 11
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large aperture, was needed to collect red light from the

return of a Metrologic laser to produce an image bright enough

for the next stage, the photodetector, to detect.

The photodetector used was a United Detector Technologies

Spot-9/D quadrant detector. A quadrant detector works by

producing a signal in each quadrant (A, B, C, or D, as

depicted in Figure 11) that is proportional to the intensity

of the light that impinges on each quadrant. 16 As indicated in

Figure 11, information can be obtained about the horizontal (x

or azimuth) and vertical (y or elevation) positions of the

image on a quadrant detector by adding and subtracting the

signals obtained from each of the quadrants.1 However, before

addition and subtraction of the electrical signals of the

quadrants was performed, several signal conditioning steps had

to be taken to produce a useable signal.

The first signal 2M

conditioning step for each of i I

the four quadrant detector F/ o

channels was a conversion of

photodetector current to

voltage through a

transimpedance amplifier. A
A Tmnsimpedance Amplififier

transimpedance amplifier
Figure 12

works by effectively short-

circuiting the leads of a photosensitive device to ground, and

providing a voltage gain for the resulting current signal."s
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A transimpedance amplifier differs from a normal inverting

(gain) amplifier in that an input resistor is not needed for

the amplifier, since the photodetector already has a very high

internal resistance which serves as the input resistance for

the amplifier.

There were two problems in obtaining an adequate signal

from the transimpedance amplifier. First, the gain of the

transimpedance amplifier required an extremely large feedback

resistance, on the order of about 10 megaohms, to provide a

recognizable signal. The transimpedance amplifiers used in

this project had feedback resistances of 22 megohms, which

provided a signal gain of about two.

A second problem with the transimpedance amplifier was a

signal bias due to the dark current of the photodetector.

This bias was extremely important because it tended to skew

the signal significantly. Thus, each quadrant of the

photodetector was provided with its own offset in the

conditioning circuitry in order to compensate for this bias.

Offset for the dark current of the photodetector was

accomplished in a second stage of signal conditioning, which

also included a signal gain of five volts/volt. This gain was

needed to provide signals large enough to combine in the next

steps of the conditioning circuitry, since the signal provided

by the transimpedance amplifier was very small (ranging from

tenths of millivolts to approximately fifteen millivolts). As

mentioned before, each channel had an offset of a few
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millivolts which tended to
+V v A Fixed Gain Amplifier7 with Varable Offset bias or, in some cases,

completely swamp the desired

500K 2K signal. In order to correct

this problem, a variable

0 offset was added to this gain

10K stage.

50K After these first two

Figure 13 signal conditioning steps

were performed, the signals,

one for each quadrant, were delivered to a series of simple

summing and differencing amplifiers to combine the signals

into usable azimuth and elevation information. The equations

for these summations and subtractions were as follows:

azimuth(x) = (A+C)-(B+D)

elevation(y) = (A+B)-(C+D)

These two signal channels were then amplified (through

the use of variable-gain amplifiers), and biased to provide

signals that ranged from 0 to 5.0 volts. This range was

needed to make full use of an analog-to-digital converter,

which converted the analog positional information into usable

digital form for the fuzzy logic microcontrollers.

The first two signal conditioning stages - transimpedance

amplifiers and fixed gain with variable offset, were custom-

built on a printed circuit board which was mounted directly on
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the Celestron spotting scope. This was done to reduce the

length of wire leads from the photodetector to these first two

critical stages. The remaining stages were built on a generic

printed circuit board.

3.3 The Fuzzy Logic Control Algorithm

The fuzzy logic controller was constructed from Reduced

InStruction Code Assembly (RISC) Erasable Programmable Read

Only Memory (EPROM) microcontrollers. Six microcontrollers

were needed for each axis' signal channel, azimuth or

elevation. A block diagram describing the flow of information

between these microcontrollers is contained in Appendix 9.1.

C language was considered for implementation of the fuzzy

logic algorithm, but after experimentation in the earlier

stages of the project with C language using an IBM PC, and

after conversing with a researcher in the fuzzy logic field1 9,

it was decided to use RISC-type microcontrollers. C language

was deemed much too slow for this high-speed control problem,

providing, at best, about 30 iterations (30 Hz) of the control

algorithm per second. Although the RISC-type controllers

proved to be much harder to program and debug, they were much

faster and they allow much greater flexibility because the

programmer precisely controlled the flow of information within

the algorithm. These RISC-type controllers also provided much

greater freedom in the control of timing of program sequences

in the algorithm.

As noted before, six microcontrollers were used to
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provide the control algorithm for each axis' signal channel.

One PICl6C71, one PIC16C54, and four PIC16C57 microcontrollers

were used for each channel.

The PIC16C71 (encoded with program A2DN02, Appendix 9.2)

contained an onboard analog-to-digital (a/d) converter and was

used to interface the signal conditioning circuitry with the

fuzzy control algorithm. It did this by converting the analog

positional signal information into usable digital form for the

microcontrollers. The PIC16C71 also computed the derivative

of the signal by simple subtraction of two analog-to-digital

conversions, one after the other, separated by a controllable

time delay. This time delay had the added feature of setting

the timing of a complete iteration of the fuzzy logic control

algorithm.

One PIC16C57 chip (encoded with program CTRL57, Appendix

9.3) provided control of information from point to point in

the algorithm. Its function was to perform all "handshaking"

between microcontrollers and to coordinate the flow of

information from chip to chip. This was crucial since the

number of input/output pins per chip was limited. Thus, this

chip ensured that information transactions between

microcontrollers occurred only when those microcontrollers

were fully ready to send or receive information.

Two more PIC16C57 chips were encoded with information

about input membership function domains for each channel. One

of these chips (encoded with program POS4, Appendix 9.4)
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categorized and determined degrees-of-membership for the

positional input domain, and the other (encoded with a program

cousin to POS4 called VEL4) derived these items for the

derivative input domain.

The final PIC16C57 chip (encoded with program LOGIC6,

Appendix 9.5) provided rule inferencing functions, including

the Fuzzy Associative Matrix and output and weighting

functions. The end result from this chip was a single digital

motor control signal.

The PIC16C54 chip (encoded with program PWM, Appendix

9.6) changed this digital control signal into a Pulse Width

Modulated motor control signal to move an axis' motor. This

chip was capable of determining both motor direction and speed

from the digital control signal.

In addition to the microcontrollers, a separate digital-

to-analog converter chip (an AD558) was used tc provide analog

information about the output control signal for monitoring

purposes.

The fuzzy control algorithm developed in this project

could be applied to any one- or two-input control problem with

little alteration except for the FAM rule base and the input

membership function domains. Currently, the algorithm works

with eight-bits of precision. Although greater precision was

not needed for this project, the algorithm could easily be

expanded to sixteen bits of precision. Expanding the

controller to handle another input variable (such as
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acceleration) could prove to be a difficult task. The

concepts used in programming this controller would remain the

same, but doing so would expand the rule base from two

dimensions to three. The PIC controllers are limited in

program and data memory and might not physically be able to

handle such a drastic expansion of its responsibilities; the

solution of such a problem would at the very least be

formidable since the size of rule look-up tables and the size

of the program would increase significantly.

One more item should be mentioned about this control

algorithm. This algorithm provides the same control as a

64Kbyte look-up table with only 9Kbytes (3000 words) of memory

required per channel. Although this comes at a very slight

sacrifice for speed, this control algorithm is much more

flexible because only 49 rules need to be altered to change

system response.

3.31 Analog-to-Digital Conversion - Program A2DN02

Of the five programs written for the fuzzy logic

algorithm, A2DN02 was one of the simplest. The purpose of

this program was to convert analog position information from

either axis' signal channel, azimuth or elevation, into usable

digital form for the microcontrollers. A few brief notes of

information: from this point on, letters in italics refer to

the names of the routines which perform the functions

mentioned in the discussion. Also, a block diagram detailing

the flow of information between microcontrollers is included
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as Appendix 9.1.

After a chip initialization routine (Initialize), the

program proceeds to a short warm-up delay (Delay) to allow the

rest of the microcontrollers to catch up and get in synch with

each other. The program then performs its first a/d (analog to

digital) conversion (Starti) and stores the result in a memory

register (Main loopl). A counter loop (Waitl and Stopl) is

then entered, and a second a/d conversion is performed

(Start2), with its result being stored in a second memory

register (Main loop2). At this point, the program calculates

the derivative of the position by a simple subtraction

(Derivative). Also, the derivative is multiplied, usually by

a factor of four or eight, in order to increase the damping of

the system.

The program next moves the result of the second a/d

conversion (the most recent position information) onto the

output port of the device (Outputpos). After "handshaking"

with the control chip (Wait2), the device then moves the

derivative information onto the output port (Outputvel).

Once more "handshaking" with the control chip is performed

(Wait3), and the chip enters a second counter loop, identical

to the first (Wait4 and Stop4). Together, these two loops

determine the frequency (the number of iterations per second)

of the control algorithm.

The final step of this program is to jump back to the

point where another a/d conversion takes place. The program
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then starts anew, and fresh data is taken about the position

and rate of change of the position with respect to the

tracking platform.

3.32 Control of Information - Program CTRL57

A major drawback to the PIC16Cxx family of chips is the

limited number of input/output pins which can be used for both

control of the chips and transfer of information to and from

the chips. This was not a problem for the PIC16C54 and the

PIC16C71 microcontrollers used in this system, but it was a

problem for all of the PIC16C57 chips, which had a great deal

more information to deal with, and which consequently needed

more control of the information flow. To alleviate this

problem, a special control process (the CTRL57 program) was

encoded which allowed a special chip to perform the majority

of the data control. This freed up pins on the other chips

for the more important tasks of data transfer.

The CTRL57 program can be divided into five major parts.

The first part is a brief chip initialization period (SetUp).

The next two parts (Waitl to Wait2, and Wait3 to Wait4)

control the flow of digital position and derivative

information from the PIC16C71 to the respective input

membership function chips. The last two parts (PosZero to

HoldASecl, and VelZero to HoldASec2) are more complex and deal

with the transfer of category and degree-of-membership

information from the chips (programmed with POS4 and VEL4)

which handle input membership function procedures to the chip
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(programmed with LOGIC6) which handles rule evaluation

procedures. After the CTRL57 program is complete, it loops

back to the beginning to initialize another round of data

transfer in the control algorithm.

3.33 Input Membership Functions - Programs POS4 and VEL4

POS4 and VEL4 are nearly identical programs used to

categorize and determine membership values for (position and

derivative, respectively) input information. For the purposes

of this paper only POS4 will be discussed.

POS4, like the two programs discussed above, has an

initial chip setup routine (Start). Once this is complete,

the program waits for a "handshake" (Waitl) from the control

chip, then moves the position information into an input memory

register. After another "handshake" with the control chip

confirming reception of the information (Wait2), the program

then moves to routine FindCase, where the program determines

where the input falls in the input membership function domain.

Thirteen cases are possible. Seven cases (NL,NM,NS,ZE,PS,PM,

and PL) place the input completely within (at the peak of) of

a membership function. Six more cases (NL&NM, NM&NS, NS&ZE,

ZE&PS, PS&PM, and PM&PL) place the input within the domain of

two adjoining membership functions. Atter the case is

decided, the program jumps to the case-specific routine which

decides how to handle the input information (such as

caseNS:NM). These routines first assign values to registers

that describe which categories the information falls into, and
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then determine membership values for these categories (through

the use of calls to three subroutines, find meml, find-mem2,

and divide).

At this point in the program, four pieces of information

have been derived. This information must now be sent off to

the microcontroller which handles the rest of the fuzzy

algorithm, and this is accomplished by a series of

"handshaking" and data downloading commands (DataHold to

WaitThree). Finally, the program reinitializes and waits for

a new set of information in order to start the cycle anew

(Wait).

3.34 The Fuzzy Logic Control Chip - Program LOGIC6

The LOGIC6 program is the most ambitious of the five

created for the fuzzy logic algorithm. This is because it

accomplishes the most. The purpose of the LOGIC6 program is

to take the eight pieces of information derived from the two

input membership function chips and combine them into a

single, crisp control output.

As with the other programs, this program begins with an

initial chip setup routine (Start). After this is complete,

the program waits for "handshaking" to occur so it can begin

to receive the fuzzified input information from the POS4 and

VEL4 input membership function chips (MoveOne to MoveEight).

Eight bytes of information are taken in by the program.

Four bytes describe the categories into which the input

information falls (two for positional information and two for



37

derivative information). Four more bytes describe the degree

of each category's membership.

After all inputs have been received by the program, the

program jumps to a routine which sorts the information and

combines it to determine rule values for each unique set of

conditions -iat are fired (Manipulate). Since there are two

position conditions (categories), and two derivative

conditions, the routine must determine four rules. This

routine also performs the minimum (AND) operation for each of

the four rules. The rules themselves are determined by use of

a lookup table (Rules).

After the rules have been determined, the program jumps

to a routine that determines how many unique rules are fired

(Max). This step is necessary to determine if any fuzzy OR

operations need to be performed for rules that are fired more

than once. The Max routine accomplishes its task by

determining whether or not pairs of rules are equal. After

comparing the six possible pairs of rules, the routine is able

to distinguish how many different rules have been fired and

how the routine needs to proceed to properly combine the rules

(goto case). The routine does this by using cases. In all,

there are fifteen possible cases under which a combination of

rules can fall. Once a case has been invoked, a jump is made

to a special routine (such as case7) which handles the fuzzy

OR function for that case.

The final step of the program, once all of the rules have
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been determined and the fuzzy ANDs and ORs resolved, is to

weight and combine the rules. First, the weights are summed

(Control). Next, each rule is multiplied (by way of a special

multiply function, Multiply) by its membership value, and the

results are summed together (_lst-reg to _4th-reg). Finally,

the sum of the weighted rules is divided by the sum of the

weights, and the final output control value is obtained

(Divide). The last step of the fuzzy control chip, before it

jumps to the beginning to start the process over again, is to

send the final control value to the pulse width modulatior

chip.

3.35 Pulse Width Modulation - Program PWM

It was decided to use Pulse Width Modulation (PWM) in

this Trident application because of its ease of use and

because of its precision. Originally, analog motor control

was explored, but nonviscous friction in the tracking platform

forced the use of Pulse Width Modulated motor control instead.

PWM is the shortest and the simplest of the five

microcontroller programs used in this project. The PWM chip

achieves its task by taking in the single control output from

the fuzzy control chip (Start, which occurred after the chip

initialization routine, SetUp). The program then determines

motor direction from the eighth bit (the sign bit) of this

value, and it determines the length of the duty cycle (the

time a control voltage is applied to the motor to make the

motor move) from the remaining seven bits (Move and the Pulse
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and Rest routines). The program then jumps back to the

beginning to take in a new input and start the process over

again.

The output of the PWM microprocessor drives a pulse-

width-modulated integrated circuit which provides the power

switching needed to move the azimuth and elevation control

motors.
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Section 4 - System Performance

System performance was measured by experiment. A red

Metrologic Helium-Neon laser was projected on a laboratory

wall and moved in two dimensions (left-to-right and up-down)

by a mirror apparatus and a signal generator. The laser was

approximately eighteen feet from the wall, and the lights were

turned off to prevent the overhead lights from producing

unwanted noise in the photodetector. The analog output (error

signal) from the fuzzy controller and the mirror driver

signals were recorded using a sampling oscilloscope.

Experiment runs were made once it was proven that the

platform could track the target laser. When the platform was

first observed to track, the fuzzy logic control algorithm

operated at 100Hz. This meant that the system took 100

"snapshots" of the laser image per second, and computed 100

matching control outputs to move the platform. While the

platform tracked satisfactorily, the system vibrated violently

and regularly lost the laser image. System performance

steadily improved (although significant system vibration was

still present) when the operating frequency of the platform

was increased to 200Hz, then 400Hz, and finally to 600Hz.

Increases in operating frequency were stopped at 600Hz because

further increases would shorten the time used to obtain the

derivative data and would make the derivative data unreliable.

Three plots are given in Appendix 9.7 which illustrate

system performance for the azimuth axis of the tracking
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platform with the system operating at 600Hz. All three plots

illustrate an analog representation of the motor control

signal. The reason why the motor control or error signal was

chosen to demonstrate system performance is that this signal

depicts the fuzzy controller's efforts to align the tracking

platform with the laser return and this signal it is direct

reflection of the tracking platform's error.

The first plot (Appendix 9.71) shows the motor control

signal for the tracking platform with no target present. This

plot can be considered a representation of the noise present

in the tracking platform. The transient spikes in this plot

could be from a wide range of sources - ambient light

impinging upon the photodetector, noise within the signal

conditioning circuitry, noise from the fuzzy microcontroller

circuitry, and vibration caused by the pulse width modulated

motor control signal. An important fact to notice is that if

the signal was averaged, the average would be near zero. This

is to be expected, since the platform optics does not have a

target which it can follow, and the platform remains

stationary.

The second plot (Appendix 9.72) shows the error signal

for the tracking platform when the platform is centered on the

laser image. The large positive and negative spikes in this

plot indicate noise alluded to in the previous plot in

addition to a great deal of system vibration. The source of

this vibration is most likely the pulse width modulated motor
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control signals coupled with the extremely sensitive system

optics. The platform is constantly trying to reduce its error

to zero by aligning itself with the laser image, but in

overcoming friction the system often overshoots its target.

This overshoot is a problem because even very slight movement

of the platform causes significant fluctuation of the laser

image's position on the sensitive photodetector. These

changes cause the controller to continually overshoot as it

attempts to align the platform with the target. Still,

however, the control signal averages to zero because the

average platform pointing position is centered on the laser

image.

The third plot (Appendix 9.73) demonstrates the tracking

platform motor control signal as the platform tracks a laser

image that sweeps back and forth through an angle of

approximately 5.5 degrees on the laboratory wall. The

triangular waveform in this plot is the signal which positions

the laser mirror. The triangular waveform frequency in this

plots is 0.2Hz, which corresponds to a target speed of a

little more than two degrees per second. This plot shows that

the system is able to track a "slowly moving" target, but,

again, that it has enormous problems with vibration. Notice

that in this plot that the motor control signal does not

average to zero. Instead, on the upward sweep of the

triangular waveform (the laser moves left to right), the motor

control signal is predominately positive, and on the downward
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sweep of the triangular waveform (the laser moves right to

left), the motor control signal is predominately negative.

This means that the controller is pushing the platform in a

direction to match the sweep of the laser to keep the platform

aligned with the laser image; the tracking platform is

tracking the laser.

The maximum speed the laser is able to consistently track

at is 3.3 degrees per second. After this point, the laser

moves quickly enough that the platform, due to a combination

of vibration, friction, and limited field of view, is unable

to keep up with the laser image. Although the platform is

restricted by the speed with which it can track the laser, its

range of operation is almost unlimited. The target projection

angles correspond to an azimuth angle of 30 degrees and to an

elevation angle of 12 degrees. The platform is able to track

the laser image throughout this entire area - until wall space

literally runs out.
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Section 5 - Future Activities

Presently, the tracking system works well, but it needs

several major improvements. The first major area of

improvement would be with the tracking platform itself. As

designed, the tracking platform, with its high sidewalls that

mount the spotting scope cradle, acts like a giant tuning

fork. This causes enormous problems with vibration, which

tends to limit the speed at which the tracking platform can

track its target. This vibration could be limited by

redesigning the tracking platform or by incorporating

vibration-absorbing materials within the tracking platform.

In addition to vibration, the present tracking platform

has a great deal of non-viscous friction which tends to limit

the motion of the tracking platform. This was a major

motivation for using Pulse Width Modulation motor control - to

help overcome this resistance. Friction in the azimuth axis

could be reduced by replacing the "lazy Susan" with a sheet

Teflon. Friction and vibration in both axes could be reduced

by finding better gearing assemblies for the axes' positioning

motors.

A second major area of improvement for the tracking

system would be to widen the useful field of view of the

optical detector. Currently the platform has a useful field

of view of only about .75 degrees (both azimuth and

elevation). This too, limits the speed at which the platform

can track. If the laser image moves too quickly, it can jump
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out of sensor range before the tracking system can properly

respond. The field of view could be widened by using a

photodetector with a larger active surface area than the SPOT-

9/D used in this project.

A third major area of improvement is the tracking

system's signal conditioning circuitry. Currently, the

tracking problem is restricted to the use of one type of red

Helium-Neon laser. This is because the signal conditioning

circuitry was built and tuned to receive information from this

one specific type of light energy. Including automatic gain

control in the conditioning circuitry would allow the tracking

system to track more types of light energy, increasing its

flexibility and usefulness as a tracking device.

The fuzzy logic controller hardware could also use

improvement. The controller hardware could be improved by

using a more powerful microcontroller. The PIC devices used

in this project worked well, but they have limitations calling

subroutines and determining look-up tables. This required

breaking the control algorithm into several pieces and

encoding these pieces in separate microcontroller chips. This

caused much waste in program space, and this caused much waste

in program time for data transfer and control functions

between chips.

A final improvement to the tracking system, once the

system's other problems are addressed, would be to expand the

tracking system's tracking capabilities to three dimensions.
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Currently, only two dimensions - azimuth and elevation - are

considered. For this to be a full-blown tracking system, the

system would also need to be able to track in a third

dimension - range. Although it would be difficult to

implement, this could be achieved by mounting an optical

rangefinder next to the scope and expanding the fuzzy logic

controller to handle the third dimension of range. Or,

instead of using optical components, radar could be used which

would be capable of providing desired azimuth, elevation, and

range information.



47

Section 6 - Conclusion

The objective of the project was met. An optical

tracking platform, using fuzzy logic as its means of control,

was constructed capable of tracking a target laser in two

dimensions, azimuth and elevation. System optics were

designed and constructed to receive position and rate of

change of position (derivative) information from the target

laser in both dimensions. The fuzzy logic controller was

built using Reduced Instruction Code (RISC) microcontrollers.

When system performance was measured by experiment, it was

discovered that the tracking platform was able to track a

slowly moving target (at a rate less than or equal to 3.3

degrees per second). Although the platform is limited in the

rate at which it can track the laser image, the platform is

able to track the image over an almost unlimited range. Major

improvements could be made to every major aspect of the

tracking system to improve its performance, especially

platform tracking speed.
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Appendix 9.1 - Program Block Diagram
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Appendix 9.2 - Program A2DN02

;Program a2dro2.src

DEVICE HSOSC,WDTOFF,PWRTON,PROTECTOFF
ID 'TEST'

vaLuel equ OCh
vatue2 equ ODh
deriv equ OEh
count1 equ OFh
count2 equ 1Oh
count equ 11h
count3 equ 12h

org OOh

Initialize setb RPO ;upper register page
mov TRISA,#O111b ;first two bits of port A are

;anaLog inputs, other two bits
;are digital inputs/outputs

cLrb RA.3
mov TRISB,#OOOOOOOOb ;port B output
cLr RB
cLrb PCFGO ;ADCON1.1 - RA.O & RA.1 are
setb PCFG1 ;ADCONI.0 - analog inputs

;RA.2 & RA.3 are digital
;Vdd Ref

cLrb RPO ;Lower register page
cLrb GIE ;gLobaL interrupt enable cleared -

;disabLes all interrupts
cLr ADCONO ;start off with all zeros

ctr count1
mov count2,#1Oh

DeLay djnz countl,Delay
djnz count2,DeLay

;first a/d conversion
;ADCONO - bit 0 is enable, bit 1 is interrupt, bit 2 is GO/DONE bit, bits
;3&4 decide which channel is analog input, bit 5 is storage, bits 6&7
;seLect A/D conversion clock source

Starti setb ADCONO.0 ;turn a/d on
cLrb ADCONO.1
cLrb ADCONO.2 ;AINO is input channel
setb ADCONO.6
setb ADCONO.7 ;use on-chip RC oscillator
setb ADCONO.2 ;turn on a/d converter

Main ioop1 jb ADCONO.2,Main-toopl ;wait for conversion
mov vatuel,ADRES ;put result into value
ctr ADCONO

;deLay for second a/d conversion

Wait1 cdr count1
mov count2, 02h

Stopi djnz countl,Stopl

djnz count2,Stopl

;second a/d conversion

Start2 setb ADCONO.O ;turn a/d on
cLrb ADCONO.1
cLrb ADCONO.2 ;AINO is input channel
setb ADCONO.6
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setb ADCONO.7 ;use on-chip RC oscillator
setb ADCONO.2 ;turn on aid converter

Main- Loop2 jb ADCONdO.2,Main-toop2 ;wait for conversion
may vatue2,ADRES ;put result into value
cLr ADCOtJO

Derivative may deriv,value2
sub deriv,vatuel ;may need to do some more with denyv
ctc

rt denyv
c Lc
rL deriv ;multiple denyv by eight!!
add deriv,#1OOOOOO0b ;"bias" to zero

Output-Pos may RB,vatue2

setb RA.3

cdr countl

Uait2 inb RA.2,Wait2

Output veL mov RB,deriv
cLrb RA.3

Wait3 jb RA.2,Wait3

Wait4 cLr counti
may count2,#02h

Stop4 djnz countl,Stop4
djnz count2,Stop4

imp Starti
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Appendix 9.3 - Program CTRL57

;15 Mar 94
;Program for controt 57 - Program ctrt57.src

DEVICE P1C16C57,HS-OSC,WDTpFF,PROTECT-OFF

RESET Set-up

count equ 08h
countl equ 09h
count2 equ OAh

Set-UP may IRA,011O0b ;controL of pos chip
may IRB,#111O11O0b ;controL of derv chip, pic7l, fuzzy chip
may IRC,#OOO0llO0b

;controt of position information from PIC71 to input nem fn chip

Waitl cLr RA
cLr RB
ctr RC
jnb RB.5,Waitl
setb RA.O

Wait2 jnb RA.2,Wait2

;controL of derivative information from PIC71 to input me. fn chip

setb RBA4
Wait3 jb RB.5,Wait3

setb RB.O
Wait4 utb RB.2,Uait4

;preset for output

setb RA.1
setb R8.1

;retease aid converter

clrb RBA4

,controL of position input me. fn data to fuzzy chip

setb RA.O
cLrb RA.1

PosZero jb RA.2,PosZero
jb RA.3,PosZero
setb RC.O
ctrb RC.1

FuzPosZero jb RC.2,FuzPosZero
jb RC.3, FuzPosZero
ctrb RA.O
ctrb RA.1

PosOne inb RA.2,PosOne
jb RA.3,PosOne
cLrb RC.O
setb RC.1

FuzPosOne jnb RC.2,FuzPosOne
jb RC.3,FuzPosane
setb RA.O
cirb RA.1

POSIWO jb RA.2,PosTwo
jnt RA.3,PosTwo
setb RC.O
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setb RC. I
FuzPosTwo jb RC.2,FuzPosTwmo

ittb RC.3,FuzPosTwo
clrb RA.O
setb RA.1

PosThree jnb RA.2,PosThree
mnb RA.3,PosThree
cLrb RC.O
ctrb RC.1

FuzPosThree mnb RC.2,FuzPosThree
mnb RC.3,FuzPosThree
setb RA.O
setb RA.1

mov count,#10h
HotdASecl djnz count,HoLdASecI

ctrb RA.O
setb RA.1

;control of velocity input meat fn data to fuzzy chip

setb RB.O
cLrb RB.1

VelZero jb RB.2,VeLZero
jb RB.3,VeLZero
setb RC.O
ctrb RC.1

FuzVeLZero jb RC.2,FuzVeLZero
jb RC.3,FuzVetZero
ctrb RB.O
cirb RB.1

Vet~rte jnt RS.2,VelOne
jb RB.3,VetOne
cLrb RC.O
setb RC.1

FuzVeLOne jnb RC.2,FuzVeLOne
jb RC.3,FuzVetOne
setb RB.O
ctrb RB.1

VeLTwo jb RB.2,VeLTwo
jtt RB.3,VeLTwo
setb RC.O
setb RC.1

FuzVeLTwo jb RC.2,FuzVeLTwo
jtt RC.3,FuzVeLTwo
cLrb RB.O
setb RB.1

VetThree jnt RB.2,VetThree
itt RB.3,VetThree
ctrb RC.O
ctrb RC.1

FuzVeLThree jnt RC.2,FuzVetThree
jnb RC.3,FuzVetThree
setb RB.O
setb RB.1

may count,01Oh
HotdASec2 djnz count,HoLdASec2

cLrb RB.O

setb 
RB.1

thap Ijaiti
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Appendix 9.4 - Program P054

;Program pos4.src
;input membership function domian for position

DEVICE PIC16C57,HS OSC,WDT OFF ,PROTECT OFF

RESET Start

register 1 equ 08h
memareg_1 equ 09h
register 2 equa OMh
omRinreg_.2 equ 08h

NL equ OCh
MM equ ODh
NS equ OEh
ZE equ OFh
PS equ 10h
PH equ llh
PL equ 12h

Ldist equ 13h
Ndist equ 14h
Sdist equ 15h
ZEdist equ 16h

position equ 17h

tivaLue equ 18h
r-vatue equ 19h

numberl equ lAh
nuiiber2 equ Ish

upper num equ 10h ;(page 1)?I
Lotier~nt. equ llh
upper -div equ 12h
Lower div equ 13h
divdi;2 equ 15h
counterl equ 16h
counter2 equ 17h
answer equ 18h
number equ 19hi
divisor equ 14h ;(same as divisor)

Start may IRA,0OO1lb
may IRB,O1111¶lllb
may IRC,#llllllllb
cir RA
ctr RB
cdr RC

mov NL,#32
may WM.#64
mov MS,#96
mov ZE,8128
may PS,#160
mov P14,8192
may P1.8224

may Ldist,#32
may M4dist,#32
may Sdist,#32
may ZEdist,#32

Wailt d~r RA ;input handshake
ctr RB
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ctr RC
jnb RA.O,Waitl
may positionRB
setb RA.2

Wait2 inb RA.1,Wait2
setb RA.3 ;preset for output

;determine where the data falls in the input membiership domain

Find-Case cjae position.PL~case-PL
cjbe position,NL~case-NL
cia position,P?4.case-Pt:PL
cib positionNN,case NN:L
cje position9PM~case-PH
cje position,NN,case7NM
cja position,PS,case-PS:PM
cjb position,NS,case7NS:NM
cje position1PS,case7PS
cje position,NS~casiNS
cja position,ZE,case7ZE:PS
cjb position,ZE,case7ZE:NS
dcj position,ZE~case7ZE

case ML may register 1,#0O0lb
limp "B4Next-Step

case NM may register 1,9O0l0b
limp "4 Next-Step

ease-NS mov register 1,#0011b
limp 94 _Next Step

case-ZE may register 1,#0lO0b
ljimp B.4_Next..Step

case PS may register 1,#OlOlb
ljimp B4ýNext-Step

case-PIH may register 1, #0110b
limp " jlext7Step

case-PL may register -1,#O11lb
limp 94ý Next-Step

case-NM:NL may register 1, #0010b
may register 2,#0001b
may numberl,position
may L-vatue,NM
sub L-vatue,M4dist
mavf M4dist,O
cLrb 04h.6
setb 04h.5
movwf divisor
may 04h,00OOOOOO0b
icalt find meml
may number2,NL
add nuitter2,Ldist
mavf Ldist.O
cirb 04h.6
setb 04h.5
movwf divisor
may 04h,OOOOOOO00b
limp f ind-mem2

case NS:NM may register_1,0O0llb
may register_2,00010b
may numberl,pasitian
may L-vatue,NS
sub~ L-vatue,Sdist
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movf Sdist,O
clrb 04h.6
setb 04h.5
movwf divisor
may 04h,#OOOOOOO0b
LcatL find meml
may rnwber2,NM
add nunber2,Mdist
iuovf N4dist,O
cLrb 04h.6
setb 04h.5
movwf divisor
mov 04h,#OOOOOOO0b
limp findmeom2

case-ZE:NS may register 1,#OlO0b
Mov register -2,#0O1lb
may ramiberl,position
may LtvaLue,ZE
sub t vaLue,ZEdist
movf Z7Edist,O
ctrb 04h.6
setb 04h.5
movwf divisor
may 04h,#OOOOOOO0b
Lcalt find meml
mov nuiiber2,NS
add number2,Sdist
movf Sdist,O
ctrb 04h.6
setb 04h.5
.avwf divisor
may 04h,#OOOOOOO0b
limp find-mem2

case ZE:PS may register l,0Ol0lb
moy register -2,00100b
may niumberl,position
may Ilvalue,PS
sub, L vatue9 Sdist
moyf Sdist,O
cLrb 04h.6
setb 04h.5
movwf divisor
may 04h,#OOOOOOO0b
LcaLL find meml
mov mwiar2, ZE
add number2,ZEdist
movf ZEdist,O
clrb 04h.6
setb 04h.5
mavwf divisor
may 04h,00OOOOOO0b
limp find mem2

casePS:PN may register l,#0110b
moy register 2,00101b
may numberlposition
mov L-value,PN
sub, L vatue,M4dist
movf MdistO
clrb 04h.6
setb 00h.5
mavwf divisor
may 04h,00O0OOOO0b
IcatL find mml
may mnlw-er2, PS
add nwtber2,Sdist
movf Sdist,O
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ctrb 04h.6
setb 04h.5
movwf divisor
nwv 04h,#OOOOOOO0b
Liep find niem2

case PN:PL may register 1, #Olllb
may, register-2,#Oll0b
may number1,position
may L-vatue,PL
sub* L-vaLue,Ldist
Moyf Ldist,O
ctrb 04h.6
setb 04h.5
.ovwf divisor
may 04h,#OOOOOOO0b
LcalL f ind memi

may number2,PN4
add number2,M4dist
movf Mdist,O
cirb 04h.6
setb 04h.5
movwf divisor
may 04h,#0OOOOOO0b
limp f ind-mem2

org 200h

find memi sub nwrlierl,L vatue
moyf nuriber1,O-
ctrb 04h.6
setb 04h.5
movwf number
Ica~l divide
MOOf answer,O
cLrb 04h.6
cLrb 04h.5
.ovwf memnregi1
may 04h,#OOOOOOO0b
bcf 3,5
bcf 3,6
ret

find-mem2 sub number2,position
movf number2,0
ctrb 04h.6
setb 04h.5
movwf number
tcatt divide
movf answer,O
ctrb 04h.6
ctrb 04h.5
mavwf mem-reg 2
may 04h,#OOOOOOO0b
imp DataHold

B-4NextStep may mem-reg~l,#1l1 1111lb
may register 2,#0000b
ctr mem-reg2l

;output handshake and data downLoad

DataHoLd jrb RA.O,DataHoLd
jb RA.1,DataHoLd
may !RC,0OOOOOOO0b

Zero may RC,register~l
cLrb RA.2
clrb RA.3
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WaitZero jb RA.O,WaitZero
jb RA.1,WaitZero

One Moy RC,meln-reglI
setb RA.2
ctrb RA.3

WaitOne jnb RA.O,Waitone
jb RA.1,Waitone

Two may RC,register-2
cirb RA.2
setb RA.3

WaitTwo jb RA.O,WaitTwo
jnb RA.1,WaitTwo

Three mov RC,niem-reg_2
setb RA.2
setb RA.3

WaitThree irib RA.O,WaitThree
jnb RA.1,WaitThree

ctr RC ;still a problem here!
mov IRC,#llllllllb

setb RA.2
ctrb RA.3

Wait jb RA.O,Wait
jnb RA.1,Wait

Limp Waiti

org 400h

divide may O4h,#OO1OOOO0b
ctr cotxnterl ;clear counteri
cir counter2 ;clear coeumter2
ctr answer ;clear answer
nov divdiv2,divisor ;move numb~er __into divdiv2
d~c ;clear carry
rr divdiv2 ;rotate divdiv2 one bit to right (/2)
addb divdiv2,c ;add c nit to dividiv2
moy upper nun,nuaber ;miultiply number by 256
moy upper div,divisor ;mov divisor into upper byte
dir lower n un ;clear lower byte of number
cir Lower div ;clear tower byte of divisor
ctc ;clear carry
jimp count~zeros ;LcatL?Ljuwp?jump??? ;call subroutine to count zeros

back add cotaiterl,#OOO0lOO0b ;add 8 to counteri
imp tong div ;Jump to tong div

count-zeros snb upper div.7 ;if 7th bit is '111, then return
imp back ;(return)
rL upper div ;shift divisor one bit to Left
inc counteri ;and one to zeros counter
imp counmt-zeros ;check next bit

tong div Cie upper di v, upper nunm, comp counters
die upper di v,upper num, upper equa L

subtract sub tower nun, tower div ;subtract divisor from numrber
sc
dec upper num
sub upper num,upper div
inc answer ;add one to answer

comp counters ci. counter2,counterlRemainder ;if shifted to right as many zeros as
shifted to Left, go to Output

inc counter2 ;add one to counter2
cic ;clear carry register
rl answer ;shift answer one bit to left
dct
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rr upper_div ;shift divisor one bit to right
rr Lower div
jmp Longjdiv ;jump to tongdiv

upperequat cja lower-div, tower nun, comp_counters
Jmp subtract

Remainder cjb towernun,divdiv2,Done Division ;see if remainder can be rounded
add answer,#OOOOOOOlb ;if so, then add one to answer

Done-Division bsf 3,5
bcf 3,6
ret
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Appendix 9.5 - LOGIC6

;Program - togic6.src
;fuzzy Logic control chip

DEVICE P1C16C57,HS OSC,WDTOFF,PROTECT OFF

RESET Start

position1 equ 08h ;input registers
position2 equ 09h ; "
"vetocity3 equ OAh ; B
v'elocity4 equ Oh ;

memposl equ OCh ;
meqmos2 equ ODh ;
meNSeL3 equ OEh ;
metvel4 equ OFh ; "

registeri eq 1Oh
register2 equ 1lh
register3 equ 12h
register4 equ 13h

memberl eq 14h ;needed for final step
meuiber2 equ 15h ; 1
member3 equ 16h ; I

member4 equ 17h ; "

ruLel equ 18h ; "
rute2 equ 19h ; "
rute3 equ IAh ; "
rule4 equ ISh ; I

member equ 08h
register equ 09h
rule equ OAh
case equ OSh

answer upper equ OBh ;these wilt be used for the intermedite
answer-lower equ 14h ;step of weighting before the final control

;output is obtained
reg equ 17h ;holds intermediate value of reg(1,2,3,4)
vat equ 18h ;ditto, except for vat(1,2,3,4)
counter equ 19% ;counter for 8-bits

regl equ OCh ;these are the input function max values
reg2 equ ODh
reg3 equ OEh
reg4 equ OFh

vaLl equ 1Oh ;these are the control rule values
vaL2 equ 11h ;taken from the FAN rule base
vaL3 equ 12h
vaI4 equ 13h

weight_tow equ ICh ;Low byte of the weight (divisor)
weight-high equ 1Dh ;high byte of the weight (divisor)

control high equ 1Eh ;high byte of the control
controLlow equ 1Fh ;Low byte of control

counter1 equ 08h ;counts # of shifts left
counter2 equ 09h ;counts 0 of shifts right
upperdivdiv2 equ 10h
lower divdiv2 equ 11h
answer equ 12h



64

org 000h

Start mayv !RA,#001lb
may !RB,#llllllllb
may IRC,#OOOOOOOOb

;handshaking and input function

Move-One ctr RA
cLr RB
setb RA.2
setb RA.3
jnb RA.O,Move One
jb RA.1,Move One
nap
may positionl,RB
cLrb RA.2
cLrb RA.3

Move-Two jb RA.O,Move Two
jnb RA.1,Move Two
nap
mov memposl,RB
setb RA.2
ctrb RA.3

Move-Three mnb RA..O,Move Three
jnb RA. 1,Move Three
flop
may positionZ,RB
ctrb RA.2
setb RA.3

Move-Four jb RA.O,Move -Four
jb RA.1,Move Four
flop
mov mempos2,RB

setb RA.2
setb RA.3

Move-Five jnb RA.O,Move -Five
jb RA.1,Move Five
flop
mov vetocity3,RB
cLrb RA.2
cLrb RA.3

Move-Six jb RA.O,Move Six
jnb RA.1,Move Six
flop
may memveL3,RB
setb RA.2
cL rb RA.3

Move-Seven mrb RA.O,Mave Seven
jnb RA.1,Move Seven
flop
mov vetocity4,RB
cLrb RA.2
setb RA.3

Move-Eight jb RA.O,Move Eight
jb RA.1,Move7Eignt
flop
may wmmveL4,RB

atb RA.2
setb RA.3
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Ljmp ManipuLate

org 200h

Rules jmp PC+W

retw 128,128,128,128,128,128,128,128
retw 128, 0, 21, 43, 64, 85,106,128
retw 128, 21, 43, 64, 85,106,128,149
retw 128, 43, 64, 85,106,128,149,171
retw 128, 64, 85,106,128,149,171,192
retw 128, 85,106,128,149,171,192,213
retw 128,106,128,149,171,192,213,234
retw 128,128,149,171,192,213,234,255

;determine rule call numbers for membership pairs

Manipulate ctc

rt velocity3
rl velocity3
rt veLocity3
rt veLocity4
rl velocity4
rt velocity4

Inov registerl,positionl ;most positive of positions
add registerl,vetocity3 ;most positive of velocities

mov register2,positionl ;most positive of positions
add register2,vetocity4 ;most negative of velocities

mov register3,position2 ;most negative of positions
add register3,vetocity3 ;mc;t positive of velocities

mov register4,position2 ;most negative of positions
add register4,veLocity4 ;most negative of velocities

mov momber1,memiposl
cjbe member1 ,memvet3,0ne
mov .e rl,memveL3

One mov W,registerl
catt Rules ;goto rules
mov rutel,W ;control value for the rule

mov member2, Piposl
cjbe bealr2,mo.vet4,Two
mov mmmber2,memvel4

Two mov W,register2
call Rules ;goto rules
mov rule2,W ;controi value for the rule

mov mwaer3,..wq os2
cjbe mPrIer3,memvet3, Three
moy mmuer3,memve13

Three mov W,register3
catt Rules
mov rute3,W

RIM member4, mqos2
cjbe mmber4,mmvet4,Four
mav mn'mr4, memve t4

Four mov W,register4
calt Rules
mov rute4,W
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1imnp Max

org 400h

Max clrb 3.5
setb 3.6
cir case
cir reg2 ;don't need to clear regi or vail since
cir reg3 ;at very least these two will be used
dir reg4
ctr val2
ctr vaL3
Or vaL4

csne rutel,rule2
setb case.0
csne rutel,rule3
setb case.1
csne rute2,rule4
setb case.2
csne rute3,ruLe4
setb case.3
csne rutel,ruLe4 ;adding these will give
setb case.4 ;me more flexibility
csne rute2,ruLe3
setb case.5

goto case cie case,048,casel3
cje case,016,casel4
cje case,032,casel5

cirb case.4
ctrb case.5

may W,case

imip PC+W

imp casel? ;000000000b 0 ;4 rules -1,2,3,4

imp casell ;0OOOOOO0lb 1 ;3 rules -1&2,3,4

imp caselO ;000000010b 2 ;3 rules -1&3,2,4

imp case6 ;00OOOO0llb 3 ;2 rules -1&2&3,4
imp case8 ;#00000100b 4 ;3 rules -2&,4,1,3

imp case? ;#OOOO0l0lb 5 ;2 rules -1&28r4,3

imp case3 ;#00000110b 6 ;2 rules -193,2&4
nop
imp case9 ;#00001000b 8 ;3 rules -1,2,3&4

imp case2 ;#OOO0lO0lb 9 ;2 rules -1&2,3&4
imp case5 ;#00001010b 10 ;2 rules -1&3&4,2
nop
imp case1. ;900001100b 12 ;2 rules -2&3&4,1

nop
nop
imp casel ;#00000111lb 15 ;1 rule -1&2&3&4

casel nov regl,.meaberl ;1 rule
ciae regl,naeumer2,The
mov reg1, m utpr2

The cjae reg1,nmugrmr3,Quick
nov regl,omeiier3

Quick cjac regl1, mmsie r4, Brown
mov regl,nmuar4

Brown nov vatl,rulel
tjup Control

case2 nov reg1,nmiiberl ;2 rules -1&2,3&4
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cjse regi~m *mv r2, Fox
Mov regl,meflter2

Fox may reg2,..meir r3
cjae reg2,.embier4,juaqped
may reg2,memb*er4

Jumped may vail,rukel
may val2,ruLe3
ljqp Control

case3 may regl,ntembierl ;2 rutes -1&3,2&4

cjae regi ,membter3,0ver
mov regi ,member3

Over may reg2,membter2
cjae reg2,mentber4,The2
may reg2,wmeaier4

The2 mov vall,rulel
may vatZ,rute2
Ljmp ControL

case4 mov regl,meaiberl ;2 rules -1,2&3&4

may reg2,mefnix~r2
cjae reg2,meotber3,Lazy
mov reg2,.meni r3

Lazy cjae reg2,meeL4.er4,LittLe
may reg2,meniber4

Little may vaLl,ruLel
may vaL2,rute2
Ijop Controk

case5 mov regl,membier2 ;2 rules -2,1&3&4

may reg2,mentberl
cjae reg2,meu*ber3,Dag
may reg92,mewrber3

Dog cjae reg2,meflber4,Which
mov reg2,meniber4

Which mov vatl,rule2
may vaL2,rutel
Ljnp Controt

case6 mov regl,.mentr4 ;2 ruLes -4,1&2&3

mov reg2,mewrberl
cjae reg2,meniber2,Had
Mov reg2,membier2

Had cjae reg2,.meu* r3,The3
may reg2,.mef ~r3

The3 may vatl~ruLe4
mov vaL2,rutel
Ijmp ControL

case7 may regl,menber3 ;2 rules -3,1&2&4

mov reg2,mealerl
cjae reg2, w ~r2, Cutest
mayv reg2,meirber2

Cutest cuae reg2,member4,Pointy
may reg2,mefli r4

Pointy mov vall,rute3
mov vat2,ruLel
Ljnp Control

casee may regl,membierl ;3 rules -1,3,21,4

moy reg2,wm. ~r3
may reg3,member2
cjae reg3,member4,Ears
may reg3,msater4

Ears may vatl,ruLel
may vaL2,rule3
may vat3,rule2
Ijap Control
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case9 Moy regl,meiwberl ;3 rules - 1,2,3&4
may reg2,nieaier2
may reg3,membier3
cjae reg3,.meflr4,That
mov reg3,.eatber4

That mov vatl,rutel
may vaL2,rule2
may vaL3,rute3
Limp Control,

caselO may regl,muriber2 ;3 rules -2,4,103

mov reg2,member4
may reg3,memberl
cjae reg3,meirber3,You
MaY reg3,memrier3

You may vall,rule2
mov va12,rule4
mov vaL3,ruLel
Limp ControL

casell may regl,meuiber3 ;3 rules -3,4,1&2

may reg2,mewrber4
may reg3,membierl
cjae reg3,meuiber2,Could
may reg3,imv i~r2

Could may vaLl,rule3
may vaL2,ruLe4
may vaL3,ruLel
Ljimp Control

case12 mov regl,memberl ;4 rules -1,2,3,4
may reg2,mentber2
mov reg3,membier3
mov reg4,member4
may vatl,rulel
may vat2,ruLe2
may vaL3,ruLe3
may vaL4,ruLe4
Limp control

case13 may regl,mentberl ;2 rules -1&4,213
ciae regl,men*ber4,Ever
may regl,membter4

Ever may reg2,member2
cjae reg2,mur*ber3,PossibLy
may reg2,meniber3

Possibly may vall,ruLel
may vatZ,rute2
Limnp Control

case14 may regl,enbierl ;3 rules -194,2,3

cime regl,mefrber4,lmagine
mov regl,imetrr4

Imagine may reg2,.mentr2
may reg3,meai r3
may vaLl,rutel
may vaLZ,rule2
may vaL3,rule3
Limp Control

case15 may reg1,ow, ~r2 ;3 rules -2&3,1,4
cjae regi,meaiber3,Dude
may regl,mute r3

Dude may reg2,meurberl
may reg3,mes*er4
may vaLl,rule2
may val2,rulel
may vaL3,rule4
Limp Control.
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org 600h

Control setb 3.6
setb 3.5

cdr weightLow ;determine the weight (denominator)
cir weight-high
may weight tow, regi
add weightLow,reg2
addb weight high,c ;need to rl c 3-4?
add weight-Low, reg3
adc~ weight high,c
add weightlow, reg4
addb weight high~c
cLr control high
ctr controlLow

i1st-reg flov reg, regi
may vaL,vaLl
call Multiply
add control-low, answer lower
add control high, answer upper

-2nd-reg Mov reg,reg2
mov vaL,vat2
call Multiply
add controL low,anwrLower
addb controL high,c
add cont rot high,answer upper

-3rd-reg may reg,reg3
mov vaL,vaL3
call Multiply
add controL-Low,answerlower
addb control -high,c
add controL-h igh, answer upper

-4th-reg mov reg,reg4
mov val,vaL4
call Multiply
add controlL-ow,answer-Lower
addb control high,c
add control hi gh,answer upper

imp Divide

Multiply dtr answer upper
dir answer Lower
dtr counter
cje val ,0OOOOOOO0b, Return
cje reg,#COOOOOOOb, Return

Mutt dcc
rI answer lower
rL answer upper
jnb vaL.7,Hi
add answer Lower, reg

Hi int val.7,Ho
addb answer upper, c

Ho dcc
ri vat
inc counter
cjne counter,08,Mult

Return ret



70

Divide ctr counter1 ;ctear counter1
ctr counter2 ;clear counter2
ctr answer

mov upper divdiv2,weight_high
mov tower.divdiv2,weightLow ;move number _ into divdiv2
cLc ;ctear carry
rr upperdivdiv2 ;rotate divdiv2 one bit to right (/2)
rr Lower divdiv2
addb tower.divdiv2,c ;add c bit to dividiv2
addb Lqpper-divdiv2,c

cLc ;clear carry
caLL count-zeros ;call subroutine to count zeros

jmp Longdiv ;jump to Longjdiv

count-zeros snb weight high.7 ;if 7th bit is "1", then return
ret ;(return)
cLc
rt weightLow
ri weight high ;shift divisor one bit to left
inc counter1 ;and one to zeros counter
imp count-zeros ;check next bit

Longjdiv cja weight high,controt high,comp counters
cje weight high,controt high,upperequat

subtract sub controLtLow,weight_tow ;subtract divisor from number
sc
dec controLthigh
sub control high,weight high
inc answer ;add one to answer

comp_counters cje counter2,counterl,Remainder ;if shifted to right as many zeros as
shifted to Left, go to Output

inc counter2 ;add one to counter2
ctc ;ctear carry register
rt answer ;shift answer one bit to Left
ctc
rr weight-high ;shift divisor one bit to right
rr weightLow
jmp Long.div ;jump to Long div

upperequat cja weightLow,contro_ Low,comp counters
jmp subtract

Remainder cja controL high,upper .divdiv2,Add
cjb control high,upper divdiv2,Outport
cjb controt Low,tower-divdiv2,Outport ;see if remainder can be rounded

Add add answer,#OOOOOOOlb ;if so, then add one to answer

Outport mov RC,answer
Ljmp Move-One
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Appeundix 9.6 - Program PW3(

;31 Mar 94
,Programn for pulse width modulation - Program pmn.src

DEVICE PIC16C54,HS OSC,WDT OFF *PROTECT-OFF

RESET Set-Up

register equ 08h
registeri equ 12h
counthi equ 09h
countLo equ 10h
countl equ 11h

Set-UP may IRB,#1lllllllb
Mov IRA,#1lO0b
cLr RA
cir RB

Start mov register,RB
jb register.7,Here;check sign
clrb RA.O
comf register,1
inc register
imp Move

Here setb RA.0
csne register,#lOOOOOO0b
inc register

Move cirb register.7
mov registerl,register
c Lc
rr registeri
addb registerl,c
add register,registerl
moy counthi ,register
may countLo,#¶¶¶¶1¶llb
sub countio~register

cirb RA.1;0active Low" Pill pulse
Putsel mov countl,#04h
Putse2 djnz countl,Putse2

djnz counthi,Putsel

setb RA.1;"rest Low" rest pulse
Resti may co4.mtl,#04h
Rest2 djnz countl,Rest2

djnz countto,Restl

imp Start
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Appendix 9.71 - Plot of Motor Control Error Signal vs. Time
(Tracking Platform noise.)
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Appendix 9.72 - Plot of Motor Control Error signal vs. Time

(Tracking Platform centered on laser image.)
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Appendix 9.73 - Plot of Motor Control Error Signal vs. Time

(Tracking Platform tracking laser sweep in azimuth axis.)
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